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^The  use  of  surface  acoustic  wave  (SAW)  devices  in  communication  systems  has 
recently  been  receiving  a reasonable  amount  of  attention.  This  is  because  SAW 
devices  can  be  used  to  perform  accurate  real-time  convolutions  of  broadband 
waveforms,  thus  enabling  them  to  function  efficiently  as  matched  filters, 
Fourier  transformers,  etc.  In  particular,  they  appear  to  have  a tremendous 
potential  in  spread  spectrum  systems. 
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^interference  removal  by  Fourier  transforming  the  received  signal,  passing  the 
resulting  waveform  through  either  a notch-filter  or  a hard  limiter,  and  then 
-inverse  transforming  the  latter  signal. 

In  this  paper,  a variety  of  extensions  of  previous  results  will  be  demonstrated. 
One  of  the  key  limitations  of  processing  signals,  in  the  Fourier  transform  domain 
with  SAW  devices  is  the  fact  that  only  finite  segments  in  time  of  the  input- 
waveform  can  be  transformed  by  the  device.  It  will  be  shown  that  by  separating 
the  data  into  two  parallel  bit  streams,  this  problem  can  be  avoided. 

To  illustrate  the  interference  rejection  properties  of  the  device  when  used  as  a 
real-time  Fourier  transformer*  experimental  results  will  be  presented  illustrating 
the  narrowband  interference  rejection  referred  to  above.  Probability  of  error 
curves  for  a system  employing  a 7 bit  Barker  encoded  binary  PSK  waveform. embedded 
in  additive  Gaussian  noise  and  operating  both  with  and  without  the  ‘presence  of  a , 
narrowband  jammer  will  be  presented. j- However,  because  of  ‘equipment  limitations 
these  latter  measurements  were  noc  made' with  contiguous  data. 

The  relevance  of  this  type  of  technology  to  avionics  is  relatively .clear.  These 
devices  are  light  enough  and  small  enough  to  be  used  on  board  aircraft,  and  the  ■ 
ability  to  receive  contiguous-time  digital  signals  accurately  and  securely  is  ■ • 
certainly  of  prime  importance  in  avionics. 
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TRANSFORM  DOMAIN  PROCESSING  FOR  DIGITAL  COMMUNICATION  SYSTEMS 
USING  SURFACE  ACOUSTIC  WAVE  DEVICES* 

L.  B.  Milstein 

Department  of  Applied  Physics  and  Information  Science 
University  of  California,  San  Diego 
La  Jolla,  California 

D.  R.  Arsenault  and  P.  Das 
Electrical  and  Systems  Engineering  Department 
Rensselaer  Polytechnic  Institute 
Troy,  New  York, 

SUWARY 

The  use  of  surface  acoustic  wave  (SAW)  devices  in  communication  systems  has  recently  been  receiving  a 
reasonable  amount  of  attention.  This  is  because  SAW  devices  can  be  used  to  perform  accurate  real-time 
convolutions  of  broadband  vaveforms,  thus  enabling  them  to  function  efficiently  as  matched  filters,  Fourier 
transformers,  etc.  In  particular,  they  appear  to  have  a tremendous  potential  in  spread  spectrum  systems. 

In  the  past,  theic' devices  have  been  shown  to  be  capable  of  narrowband  interference  removal  by  Fourier’ 
transforming  the  received  signal,  passing  the  resulting  waveform  through  either  a notch-filter  or  a hard 
limiter,  and  then  inverse  transforming  the  latter  signal. 

In  this  paper,  a variety  of  extensions  of  previous  results  will  be  demonstrated.  One  of  the  key  limitation* 
of  processing  signals  in  the  Fourier  transform  domain  with  SAW  devices  is  the  fact  that  only  finite  segments 
in  time  of  the  input  waveform  can  be  transformed  by  the  device.  It  will  be  shown  that  by  separating  the 
data  into  two  parallel  bit  streams,  this  problem  can  be  avoided. 

To  illustrate  the  interference  rejection  properties  of  the  device  when  used  as  a real-time  Fourier  trans- 
former, experimental  result'  will  be  presented  illustrating  the  narrowband  interference  rejection  referred 
to  above.  Probability  of  error  curves  for  a system  employing  a ^ bit  Barker  encoded  binary  PSK  waveform 
embedded  in  additive  Gaussian  noise  and  oparating  both  with  and  without  the  presence  of  a narrowband  Jammer 
will  be  presented,  However,  because  of  equipment  limitations  these  letter  measurements  were  not  made  with 
contiguous  data. 

The  relevance  of  this  type  of  technology  to  avionics  is  relatively  clear.  These  devices  are  light  enough 
and  small  enough  to  be  used  on  board  aircraft,  and  the  ability  to  receive  contiguous-time  digital  signals 
accurately  and  securely  is  certainly  of  prime  importance  in  avionics. 

1,  INTRODUCTION 

This  paper  is  concerned  with  the  detection  of  digital  signals  in  the  presence  of  additive-Gausaian  noise 
and  interference.  Classically,  analog  filtering  techniques  are  performed  by  convolving  the  signal  to  be 
filtered  by  >!;s  impulse  response  of  the  filter.  Recently,  a new ’approach  to  analog  filtering  (MilBtein, 
L.B.,  1977)  h*..*  ’ suggested,  one  that  relies  on  the  ability  of  some  device,  in  this  case,  a surface 
acoustic  wave  t device,  to  perfonn  a real-titce  Fourier  transformation  (and/or  Fourier  inversion), 
thereby  enabling  one  to  filter  in  the  "frequency  domain"  by  multiplication  of  appropriate  Fourier  trans- 
forms rather  than  in  the  "time  domain"  by  convolution.  This  filtering  in  the  frequency  domain  allows  one 
the  flexibility  of  employing  filters  which  could  not  be  implemented  in  the  time  domain  (i.e.,  are 
unreal) zat Ac),  In  particular,  receivers  using  ideal  bandpass  filtering  and  ideal  notch  filtering  have  been 
investigated  (Das,  P.,  1977). 

In  this  paper  there  will  be  a review  of  SAW  devices  in  the  next  section,  followed  by  a survey  of  some  of  the 
techniques  of  implementing  transformations  with  SAW  devices.  Iho  actual  receiver  under  consideration  will 
be  presented  in  Section  4 and,  in  Section-  5>  experimental  results  will  be,  presented  showing  how  the  receiver 
is  capable  of  suppressing  narrowband  interference  (modeled  as  a sine  wave).  Finally,  Section  6 will 
summarize  the  results  that  have  been  achieved  to  date  and  indicate  the  directions  that  this  technology 
appears  to  be  taking  in  the  future. 

2.  REVIEW  OF  SURFACE  ACOUSTIC  WAVE  TEC11N0I XY 


0 

r 

f 


Surface  acoustic  waves  have  been  well  known  and  well  studied  by  the  seismologists  since  Lord  Rayleigh's 
discovery  of  this  mode  of  wave  propagation  in  1895.  Only  in  the  last  two  decades  (Ultrasonics  Symposium 
Proceedings,  1972-1976),  however,  has  the  importance  of  SAW  in  the  electronic  industry  been  realized. 

This  is  due  to  two  main  factors,  First  is  the  availability  of  piezoelectric  substrates  like  lithium 
nio'oate  (LiUbO,),  and  lead  zirconium  titanate  (PZT),  and  second  is  the  easy  generation  and  reception  of  SAW 
on  a piezoelectric  substrate  using  interdigital  transducers.  Thus,  one  can  easily  make  a delay  line  with 
an  insertion  loss  of  a few  dBs,  tens  of  microseconds  of  delay,  and  a center  frequency  which  varies  from 
10  MHz  to  a few  gigahertz.  I.  Is  to  be  mentioned  that  one  can  also  make  a delay  line  using  bulk  ultra- 
sound (i.e.,  using  a device  wherein  the  wave  travels  through  the  entire  volume  rather  than  just  near  the 
surface),  but  there  are  two  very  important  reasons  why  a SAW  delay  line  is  more  attractive.  First  of  all, 
the  SAW  can  be  very  easily  tapped  or  v,  piezoelectric  substrate  by  one  interdigital  transducer  (or  a set  of 
transducers)  to  make  a tapped  delay  line.  In  addition,  one  can  put  independent  tapping  weights  on  the  pick- 
off  points.  This  makes  the  realization  of  transversal  or  finite  impulse  response  (FIR)  filters  with  pre- 
specified characteristics  (within  certain  limitations  very  simple.  Thus,  using  the  well-known  techniques 
of  digital  filter  design,  one  can  design  a single  mask  which,  employing  the  visual  process  of  photolithography 
(well  developed  by  the  integrated  circuits  industry),  can  be  used  to  manufacture  these  filters  with  signi- 
ficant reduction  in  cost. 
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SAM  technology  includes  not  only  Rayleigh o^igh^evet^'the^cwfinement' ^*0/^!*^  of  one  wavelength 
somewhat  confined  near  the  surface.  vaves  like  Blustein-Gulayev  waves,  the  confinement 

(for  LilibO,  at  ICO  Mb,  X ~ 30  h),  b^i°rf°^rt^  effective  relative  dielectric  constant  which,  for 
length  may^be  much  larger,  Q Rayleigh  waves  on  a perfect  surface  of  piezoelectric  insulator 

example,  is  approximately  jO  fop  L^\„finaftual  solids  toe  dispersion  and  loss  characteristics  become 
are  non-dispersive  and  non-dissipative,  frequencles  less  than  500  MHz,  of  much  more  importance  is  the, 
of  isfortance  in  the  gigaher.z  r g • direction  of  wave  propagation.  This  is  because  in  an 

alignment  of  the  crystallographic  axes  with  the  direc-ion  01  v v p coUlneaj.  only  in  certain  specified 

anisotropic  solid,  the  directions  of  the  ene  © significant  amounts  of  energy  travel  at  an  angle 

sir  sr.ss.rss.:' “bS*ss»2sn 

An  os.lU.tor  o.n  to  Mde  using  . SAW  one  nsea  so-called  SAW 

oscillator  is  generally'  of  the  order  interdigital  transducers  with  many  metal  fingers  or 

=r»  ^•..rrrSSeS.t;^ ;« s.‘s.s «»  -» * »<■ »» 

order  of  60,000  have  been  reported  (Bell,  D.T.,  197°) • 

The  *.io  advantage  for  the  SAM  devices  SfSSlSJffS  * 

cheaply  mass-produced.  For  the  tapped  delay  line  applications^  j0w  lnsertlon  loss.  If  one 

temperature  coefficient  of  °thg«. cu|  „vuirt.  if  available  which  has  cero  first  order  temperature 

is  willing  to  sacrifice  the  efficiency,  ST  cut  q.  t is  ava  acousto-electric  interaction  of  SAM 

l’losooleotric 

SsSate  (i-e.T  ailicon  on  UHbOj).  »i.  ia  discussed  below. 

SAM  propagating  on  a lien  thSJ? tifpiewSlectricVind  ^conducting  media  have 

SrSE- S,rS.tSK.-=SS2  tSL 

ssstarftis^jfsiss  - *— *p*~ 

, . .nkios  ultrasound  signal  processors  using  this  interaction. 

Acoustic  surface  wave  convolver.  MaMal^toaanalog^ultra^  ^ ^ ^ Btrttctora)  is  the  invlementa- 

A rill  con-on-lithium  niobate  (UNbO-)  /4«  addition  to  convolvers)  correlators,  match  filters, 

wot**  M,1“* .^,2KiS?2£ i£»,  .nd» «.«»p.”.lor.  (Mr.,  A.,  WlMUwhrtat™. 

n'wsiSwS  “p"  V)(».: «•.  0.,  ot'W.  »•. 

197^) • . . 

„ mn.sr.t.  w»»  of  -*•“«  SSS,  , 

ia  applied  to  one  input^enaducer  to  Raveling  under  the  semiconductor,  induce  a propagating 

.k:  ssrs'^suswit  «. ..... * - . <»«•  »>•  ->«  <* 

within  a multiplicative  factor)  by 

f(t.  - £}e-'<ut  ‘ ^ end  g(t  + |)e^  mt  + ** 

.here  k 1"  th.  prop»«.tlo«  o«u unt  or  U»  >*v« *nj * J'  j“,  .SlZtli'ST.sS’m.ler  h.risonles. 

£ ....  r..M.t  to  A.  If  «»  *>,. 

JrSiw.  to.  «***  >•  Pr^rUdhU  «. 


f (t)  g(2t  - T)dT 


(1) 


b/2  t+I/2V 

f f(t  - *■)  g(t  + *)  dx  » v J 
-L/C  t-l'/SV 

convolver. 

An  important  feature  of  Uvese  real-tiM  aniOog  signal  processors  ^ ^"advantage  over 

sruSS  s^ss 's -*  s *«« ■»  «■ ■-  * r,“a 

signal  form  only. 

FiiwU  *,  on.  «tn.r  cl...  V^' ■ 

■.emory  or  storage  devices  (Bers,  A.,  197hHihS«brigtsen,  a , v signal  in  the  charge 

v.ftich  can  inform  toe  signal  Processing  S iinf  li>e  storage  device  is  shown  in  Fig  2. 

pattern  of  a vidicon  diode  array  plnced  on  a UNbO  delay  line,  ine  v g ^ e(m,ior  tt  frequency  o>. 

To  store  the  signal  f(t),  it  ia  applied  at  npu  b "ui-ite-in1'  pulse)  at  frequency  <o  is  applied  either 

Another  short  input  pulse  (sometimes  referred  to  as  a ^te  ^ R [ generated  by  the  signal  and  the 

at  input  2 (case  1)  or  at  toe  output  tendml  R ^ client  produces  a trap^d  periodic  charge 

s * p«p«  d'*'6,!  “ 

(l/2k)  for  case  1 and  (l/k)  for  case  2. 

« oh.rB.  F*tt.rn  —1.  f™  ■“»“  » 27^ 

ir.r.pss^cr^  r» r suru  .v«  ‘r-SLs  “.;Sca 

StfStJ  snsSi  Sii.’S/SS  ss..  W .;  i-.pi.ced «(.) ‘"p“>  ■* or 

fStl!  » A»Wh  «(0  1.  .PPli»«  « 5 » '■ 
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!n  ausemry,  research  in  Ui,ia  area  has  brought  real-time  signal  processor*  frc«  the  drawing  board  to  the 
actual  application  stage.  Figure  3 shows  a complete  unit  which  lias  been  Fabricated  and  tested  with  the 
following  specifications!  100  Ms  convolver;  10  nsec  interaction  timet  63  Kits  bandwidth;  insertion  loss 
hO  dli. 


3.  FOtmiKIt  TRANSFORMATION  tjSltjg  SAW  DEVICES 


Fourier  transformation  is  acotmpliahod  in  real-time  by  a SAW  device  in  the  following  manner!  If  a signal 
r(t)e'^tut^*>  ^(&hat  is,  a wavefora  f(t)  modulating  a linear  FM  or  chirp  waveform)  is  convolved  with  the 

aignal  e0 (cofc-At  )(  result  of  that  convolution  will  be  the  Fourier  transform  of  f(t)(Milatein,  l..,  1977) 
(Das,  P.,  1977).  Therefore,  if  these  two  waveforms  aw  used  as  the  two  inputs  to  the  SAW  convolver 
described  in  Uie  previous  section,  Uie  convolver  output,  assuming  f(t)  is  time-limited  to  some  value  T < A, 
where  A is  the  interaction  time  or  the  device  (and  equals  the  physical  length  of  the  device  divided  by  Use 
velocity  of  propagation  of  the  SAW  in  the  device),  will  be  F(u>),  the  Fourier  transform  of  f(t),  over  the 
range  u>'(Pj\T,  PAAJ (Mil stein,  1977),  Alternately,  rather  titan  use  the  convolver,  if  one  implements  a 

tapped  delay  lino  with  tap  coefficients  given  by  sample a of  the  unmodulated  chirp  signal  spaced  («4o . ) 
seconds  apart,  where  tn  is  t|je  bandwidth  of  the  chirp  waveform,  one  can  obtain  F(a»)  as  the  output  of  the 

delay  line  when  f(t)c'*'l0l'*'''t'')  is  Uw  input.  In  either  catse,  the  radian  frequency  variable  te  will  be  a 
linear  function  of  time,  no  that  F(<o)  will  he  generated  at  the  device  output  in  real-time. 


live  above  technique  is  sufficient  only  if  the  vavefom  ; 3 time  list! ted  to  a small  enough  value.  Whan  the 
waveform  is  a sequence  of  contiguouo  pulses  as  is  typical  of  moat  digital  cowmuni cation  systems,  some 
means  or  altering  the  procedure  is  dearly  necessary,  and  one  such  scheme  da  described  below, 


basically,  the  technique  consists  of  dividing  the  input  alternately  into  two  data  streams,  processing  each 
data  strews  separately,  and  then  combining  the  results  at  the  end.  Conceptually,  it  is  a straightforward 
technique,  but  from  an  implementation  point  of  view  there  were  a variety  of  subtleties  involving  such, 
things  as  the  accurate  generation  of  constant  envelope  chirps  in  the  two  parallel  branches  and  minimisa- 
tion t.'  crosstalk  effects  in  inverse  transforming  that  had  to  ho  addressed, 


Figure  h(a)  shows  a detailed  block  diagram  of  the  system  and  Fig.  ^(1  shows  the  signals  at  different  points 
in  the  system.  A chirp  clock  plus  a delayed  version  of  Uiat  dock  controls  the  system  as  follows!  The 
delayed  dock  **  Used  to  trigger  a flip-flop  which  in  turn  triggers  two  ont-of-phano  impulse  generators. 
These  impulses  modulate  an  UF  carrier  and  then  generate  two  out-of-phase  chirp  streams  after  panning 
through  the  two  chirp  filters.  A second  flip-flop  ia  triggered  by  the  non-ddayud  clock  and  in  used  to 
gate  tiie  two  chirp  streams  so  that  overlapping  does  not  occur.  Vie  streams  are  changed  to  the  opposite 
slope  by  mixing  with  J.\c,  The  signal  »(b)  is  then  made  to  modulate  these  streams.  The  modulated  chirps  are 
fed  into  two  chirp  filters  Croat  which  emerges  two  out-of-phase  Fourier  transform  streams.  Mixing  again  with 
Cue  to  obtain  the  opposite  slope,  summing  the  two  streams  together,  and  feeding  this  signal  into  another 
chirp  filter  gives  the  original  continuous  signal  at  the  output,  The  out-of-phase  ohlVP  streams  are  then 
summed  together  and  mixed  with  Uw  recovered  signal  to  eliminate  the  chirp  carrier.  Synchronisation  la 
obtained  by  slightly  changing  the  chirp  stream  frequency,  which  ia  Independent  of  thu  signal  frequency, 

The  signal  can  be  monitored  by  triggering  on  the  signal  dock,  whereas  the  chirps  are  monitored  by 
triggering  on  the  chirp  dock. 


Finally,  as  described  in  (Milsteln,  1,,,  1977),  (Arsenault,  1).,  1977),  two  further  points  are  worth 
emphasising,  The  first  ia  obvious,  merely  being  that  since  one  obtains  a transform  valid  only  over  a 
finite  range  in  frequency,  one  car.  only  inverse  transform  over  tliat  range  An  frequency  so  tliat  in  general, 
one  obtains  at  Uie  output  of  an  inverse  transform  the  deal  rod  inverse  convolved  wl  tb  a sin  x/x  type 
weighting  function. 

The  second  point  ia  tliat.  since  in  eiUier  the  forward  transform  or  inverse  transform  case,  the  transforma- 
tion only  appears  at  Uie  output  of  Uie  device  when  the  input  waveform  in  hilly  contained  in  the  device,  If 
the  nominal  carrier  frequency  of  both  Uie  upward  and  downward  chirps  are  the  same,  Uw  values  f(0)(*vnd 
immediate  vicinity)  and  F(o)(and  immediate  vicinity)  cannot  be  obtained.  Therefore,  appropriate  time  and 
frequency  shifting  procedures  have  to  be  employed  (Mllatoin,  h.,  1977)  and  (Arsenault,  1). , 1977 )>  Alter- 
nately, if  F(Q)  is  desired,  it  can  bo  obtained  by  lining  different  carrier  frequencies  for  the  opposite 
going  chirps.  However,  tills  then  puts  Uw  entire  range  of  frequencies  for  which  ar,  accurate  transform  in 
obtained  in  Uw  vicinity  of  baseband  vaUier  than  at  UF. 


It.  URCKWKR  STRUCltlRK 

Tito  general  fora  of  Uw  receiver  ia  shown  in  Fig.  5(a).  H coital  a la  of  a Fourier  tvauafcraor,  a multi- 
plier, an  inverse  Fourier  tstana  former,  and  a matched  filter.  In  eaaence,  the  filtering  by  Uw  tram  form 
function  H(w)  ia  done  by  multiplication  followed  by  inverse  trami formation  rather  than  by  -onvolutl  n\. 

Vila  multiplication,  wliile  ostensibly  being  perforaed  in  Uw  "frequency  domain",  ia  of  course,  accomplished 
by  Uw  SAW  device  In  real-time. 

Alternately,  Uie  receiver  way  be  implemented  as  shown  in  Fig.  5(b)  (Das,  't , 1977)(0Uo,  0.,  197b),  wherein 
ttw  matched  filtering  is  performed  by  inverse  transforming  Uw  product  of  the  transforms  of  the  filtered 
input  waveform  and  Uw  impulse  response  of  Uw  watched  filter. 

To  illustrate  Uw  above  ideas,  Fig.  6 allows  results  of  narrowband  interference  removal  when  s(t)  is  a 
13-bit  Barker  coils  sequence.  (Actually,  Uie  code  was  composed  of  ONES  and  SKUOs  rather  than  1 CtiKS.  1 The 
interference  in  this  case  was  a aine  wave,  and  it  vaa  filtered  out  by  multiplication  in  frequency  by  s 
rectangular  pulse  (i.o«,  a lov-pasa  filter). 

It  can  be  seen  from  ttw  figure  Uiat  the  interference  has  Veen  effectively  eliminated.  The  distortion  seen 
in  Uw  final  trace  ia  due  in  large  part  to  Uie  bandwidth  of  the  final  video  filter.  As  an  incidental 
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result,  if  traces  1 and  3 are  compared  with  each  other  (also  traces  4'  and  6)  one  can  see  the  fidelity  with 
which  the  Fourier  transforms  can  be  taken. 

Figure  7 shows  the  actual  implementation  used  to  generate  the  above  results,  ar  corresponds  to  the  block 
diagram  of  Fig.  5(a).  The  Fourier  transforms  were  implemented  using  SAW  delay  lines  with  a chirp  impulse 
response  built  into  the  tap  weights.  However,  the  final  matched  filtering  operation  was  performed  using 
a silicon-on-llthium  niobate  convolver. 

To  demonstrate  the  feasibility  of  Fig.  5(b),  the  receiver  shown  in  Fig.  8 was  built  and  results  are  shown 
in  Figs.  9 and  10.  Figure  9 shows  the  output  of  a filter  matched  to  a 255-bit  PH  code  (again  implemented 
with  ONEs  and  ZEROs)  when  the  input  was  that  same  code  under  interference-free  conditions.  When  a narrow- 
band  interferer  (specifically  a periodic  triangular  waveform)  was  added,  the  filter  output  is  shown  in 
Fig.  10. 

5.  EXPERIMENTAL  RESULTS 

The  receiver  structure  shown  in  Fig.  5(h)  can  be  Implemented  using  less  components  as  shown  in  Fig.  11 
(Otto,  0.  W.,  1976).  The  difference  between  this  implementation  and  that  of  Fig.  8 is  that  no  time- 
reversed  signal  is  required  for  correlation.  Also  it  is  to  be  noted  that  the  output  of  the  receiver  is 
dechirped.  This  is  shown  in  Fig.  12  where  both  the  correlation  and  dechirped  correlation  of  7-b.tt  Barker 
code  signals  are  shown.  The  performance  of  this  receiver  in  the  presence  of  high  level  jamming  is  also 
shown  in  Fig.  13. 

To  test  the  performance  of  this  receiver,  the  probability  of  error  curve  was  measured  using  the  block 
diagram  shown  in  Fig.  14.  The  signal  used  in  the  error-analysis  was  a (22t|  - 1)  bit  PN  code  generated  by 
a 24-bit  shift  register.  Each  +1  bit  of  the  signal  was  encodedQwith  a 7-bit  Backer  code  having  dechirped 
correlation  peak  shown  in  Fig,  12,  whereas  for  the  0-bit,  a l80°  phare  shifter  was  used  to  obtain  a nega- 
tive correlation  spike.  This  was  done  by  inverting  the  output  of  the  7-bit  Barker  code  generator  with 
every  +1  bit  of  the  PN  code  generator  and  leaving  it  unchanged  with  a zero  bit.  The  other  output  of  the 
7-bit  code  generator  was  used  in  the  reference  channel,  The  correlation  output  was  applied  to  the  thres- 
hold detecting  and  error-counting  circuit  shown  in  Fig.  15*  The  threshold  level  was  sot  to  zero  and  tire 
output  of  the  zero  level  detector  was  compared  with  the  input  signal.  If  there  was  an  error  it  was 
counted  in  an  8-segment  decade  counter.  The  clock  frequency  for  the  signal  was  2 KHz  and  the  7-blt  Barker 
code  was  23  psec  long  (unfortunately,  equipment  limitations  prevented  these  measurements  from  being  per- 
formed with  contiguous  time  data).  The  center  frequency  and  bandwidth  of  the  chirp  filters  were  15  MHz  and 
6 MHz  respectively.  The  Jwmning  noise  was  generated  by  using  a sinusoidal  oscillator.  The  RMS  noise 
voltage  was  measured  by  a Dumont  type  405  high  frequency  RMS  voltmeter.  This  voltmeter  was  found  to  have 
high  frequency  resonances  and  to  eliminate  this,  a 6 MHz  low  pass  filter  w.\s  inserted  at  the  output  of  the 
noise  generator.  Since  tne  system  bandwidth  was  also  6 MHz,  this  still  could  be  looked  upon  as  more  or 
less  white  noise. 

Figure  16  shows  the  probability  of  error  curves  obtained  for  the  system.  Curve  B was  obtained  us-ftg 
0.145  volt  RMS  noise  and  0.2  V peak  to  peak  signal.  Curves  C and  D show  the  degradation  of  the  receiver 
in  the  presence  of  different  jammer  levels.  Curves  E and  F show  the  improvement  obtained  by  selective 
gating  in  the  Fourier  domain.  Curve  A shows  the  probability  of  error  for  an  optimum  receiver. 

Comparing  curves  A and  B,  one  finds  that  the  present  receiver  is  inferior  to  the  optimum  one  by  3.5  CB. 

The  antijamming  capability  is  0.5  <1B  and  2.5  dB  for  the  low  and  high  level  jammers  respectively.  These 
results  ate  preliminary  and  better  performance  can  be  expected  by  optimizing  the  system.  For  example,  it 
is  expected  that  curves  E and  F should  be  much  closer  to  each  other  than  shown  in  the  figure.  Hie  reason 
tills  was  not  so  in  the  present  system  was  due  to  an  improper  gating  of  the  jamming  signal  in  the  receiver. 
Tills  resulted  in  spreading  of  the  jammer  in  the  frequency  domain  and  thus  could  not  be  removed  completely 
vithu.it  degrading  the  signal  itself. 

6.  DISCUSSION 


Different  ! -iplementations  of  a spread  spectrum  receiver  using  SAW  devices  as  Fourier  transfer!'  rs  have 
been  diswi led.  For  a particular  Implementation  a probability  of  error  curve  was  obtained.  These  are  only 
prclimina\\\  results  and  no  attempt  lias  been  made  to  compare  them  with  theoretical  predictions.  The  results 
presented  in  this  paper  are  characteristic  of  the  behavior  of  SAW  devices  as  signal  processors  showing 
their  superiority  in  situations  that  other  devices,  at  present,  might  find  troublesome  to  contend  with. 

The  fact  that  these  devices  allow  access  to  the  ical-tiae  Fourier  transform  of  the  signal  as  an  automatic 
consequence  of  the  correlation  prooess  (as  has  been  demonstrated  in  tills  paper)  allows  one  to  employ  such 
powerful  techniques  as  filtering  by  transform  gating  and  noise  optimization  or  ’prewlii  toning'  by  multiplying 
tlte  transform  by  a function  related  to  the  noise  characteristics. 

One  very  important  advantage  in  she  use  of  SAW  devices  for  signal  processing  is  the  possibility  of  fabrica- 
ting entire  receivers,  and  the  like,  on  a single  substrate.  For  instance,  all  the  chirp  filters  depicted 
in  the  correlation  system  of  Fig.  11  can  be  fabricated  as  a single  monolithic  unit.  From  this  one  can 
envision  d amatic  decreases  in  the  bulk  of  such  systems.  At  the  moment  it  seems  plausible  to  state  that 
tile  dynanuc  range  of  such  systems,  as  have  been  discussed  in  this  paper,  is  ultimately  limited  by  other 
sfsten  components  such  us  miners  since  SAW  devices  are  known  to  possess  wide  dynamic  ranges.  Although  SAW 
devices  may  require  high  level  inputs  this  does  not  present  too  much  of  a problem  due  to  the  present 
availability  of  excellent  wideband  high-gain  amplifiers. 

Finally,  it  should  be  mentioned  that  although,  clie  Fourier  transform  lias  been  stressed  „olely  in  this  paper, 
other  transforms  are  also  implementable  U3ing  SAW  devices  (Arsenault,  D.,  1977),  opening  up  new  avenues 
for  application. 


* Partially  supported  by  U.  S.  Army  Research  Office  Grant  No.  DAAG-29-77-G-0205. 
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The  Si-on-LiNbO^  Convolver  Structure 
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Fig.  2 The  Structure  of  the  Si-on-LiNbO^  Memory  Correlator 


Fig.  3 External  Appearance  of  a Si-on-liNbO,  Convolver  with  100  MHz  Center  Frequency,  25  MHz  Bandwidth 
and  10  ns  Interaction  Time  J 
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Fig.  5 Receiver  Block  Diagram 


Fig.  6 Filtering  of  Parker  Code  Signal  (hor,  scale  - 5 psec/div.).  Trace  1 - Parker  Code  Input: 

Trace  2 - Fourier  Transform  of  Trace  1;  Trace  3 - Inverse  Fourier  Transform  of  Trace  2:  Trace  4 - 
Barker  Code  Plus  Interference}  Trace  5 - Fourier  Transform  of  Trace  4;  Trace  6 - Inverse  Trans- 
form of  Trace  55  Trace  7 - H(u>)  - Gating  Signal}  Trace  8 - Filtered  Signal. 


u = fit 


Fig.  7 Implementation  of  « SAW  Receiver  vhere  the  Mfttched  Filter  is  ft  Si-on-LiHbO^  Convolver. 
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Fig.  9 255-Bit  PH  Code-Matched  Filtering,  (a)  Hor.  scale  - 5 (.see/div.,  Traces  1 and  2 - Code  and 

Its  Time  Reversal;  Traces  3 and  4 - Respective  Fourier  Transforms;  Trace  5 - Product  of  Traces 
3 and  4;  Trace  6 - Matched-Filtered  Output,  (t)  Magnified  and  Expanded  View  of  Trace  6 (hor. 
scale  - 2 psec/div. 
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255-Bit  IN  Code-Matched  Filtering  in  the  Presence  of  Triangular  Interferer  (hor.  scale  - 
5 nsec/div. ).  Trace  1 - Signal  Plus  Interferer;  Trace  2 - Time  Reversed  Signal;  Traces  3 and  4 
Fourier  Transforms  of  1 and  2 Respectively;  Trace  5 - Multiplication  of  Traces  3 and  4;  Trace  6 
Matched-Filtered  Output. 
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Fig.  12  Output  Correlation  of  the  '(-hit  Parker  Code  from  the  slyaiem  with  uml  without,  t ht?  Chirped  Carrier 
which  la  Removed  hy  Coherent  Retortion. 


Fig.  13  Ihe  Removal  of  a lUgh-l.evel  Jammer  <>y  Notching  of  the  Fourier  transform  in  a Matv-hed  Filter- 

trace  1 left  - Use  Positive  slide  of  a f-hlt  Parker  1 ‘ode  Fovoler  fransfoi'Ui;  trace  1 right  - Out- 
put Correlation;  trace  left  - Fourier  Transform  with  targe  Component  due  to  a Monochromatic 
Jammer;  trace  0 rigtit  - distorted  Output  Correlation  due  *0  Jammer;  Trac-  t - Notch  for  tie 
Elimination  of  the  Jammer  from  the  Fourier  Transform,  Trace  t left  - Not. tied  Fourier  Transform; 
trace  3 right  - Filtered  Output  Correlation. 
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Fig.  14  Block  Diagram  of  the  Actual  System  used  in  the  T'rror  Analysis, 
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{dock  Diagram  of  the  Krror  Counting  circuitry. 


Probability  of  Error  (PE)  Curve  for  the  SAW-Implemented  System.  Curve  A - Optimum  Theoretical 
PE;  Curve  B * Experimental  PE  with  Approximately  White  Gaussian  Noise;  Curve  C - Experimental 
PE  for  Jammer  Level  i.94  dB  with  Respect  to  Signal;  Curve  D - Experimental  PE  for  Jammer  Level 
9.54  dB  with  Respect  to  Sigi.  ' Curve  E - Same  as  Curve  C,  except  an  Attempt  was  made  to  Remove 
the  Jamming;  Curve  E - Same  au  -ve  D,  except  an  Attempt  was  made  to  Remove  the  Jamming. 


